The design and construction of the foundation of transmission towers in permafrost regions is influenced by permafrost soil. Many characteristics of permafrost threaten the construction and safe operation of the transmission line engineering. These characteristics include frost heave, thaw settlement, and frost lifting, all of which have been aggravated by global warming and permafrost degradation. The principle applied in calculating the frost-heave force of the line tower foundation in permafrost regions is analyzed in this study based on the climate of both arctic and permafrost regions and on the characteristics of permafrost. The commonly used foundation types and the working conditions suitable for such types are also summarized.
INTRODUCTION
The frost heave and thaw settlement of permafrost soil are among the most important issues in transmission engineering in permafrost regions [1] . The appropriate method to handle the relationship between permafrost soil and transmission line engineering has become a key issue in the construction of transmission lines. Frost heave, thaw settlement, and harmful frozen soil are highly likely to occur in permafrost foundation soil in the arctic region. If mishandled, tower foundations built in frozen soil can undergo lifting, settling, and overturning, thereby seriously affecting the safety of operations.
This study reviews the construction of the foundation of transmission line towers in the arctic permafrost region. The model selection of the tower foundation is summarized. Several types of foundations in the permafrost region, as well as the applicable conditions and engineering advantages and disadvantages, are listed. The principles applied in the model selection and design are also analyzed according to the characteristics of frozen soil in permafrost regions.
Distribution Characteristics and Damage In Permafrost Regions
Permafrost soil is soil that remains frozen for at least 2 years. It comprises 25% of the overall continental area of the earth and 50% when seasonal frozen soil is included [2] . In the northern hemisphere, frozen soil is mainly distributed in Eurasia, North America, islands in the Arctic Ocean, including the continental shelf and part of the seabed [3] .
The countries with the largest area of frozen soil are, in descending order, as follows: Russia, Canada, China, and the United States with 10 × 106, 2.5 × 106, 1.9 × 106, and 1.1 × 106 km, respectively [4] . Permafrost soil in the northern hemisphere is mainly distributed in the arctic and sub-arctic regions. Its distribution exhibits a continuity-make and break-island pattern from the north to the south, following the law of latitude [5] . The distribution is shown in Figure 1 .
Permafrost soil has many characteristics, including poor thermal stability, high underground water content, sensitivity to climate warming, and intense hydrothermal activity [6] . In Alaska, the arctic permafrost thickness can range from 100 m to 150 m, whereas in northern Siberia, it exceeds 500 m. However, the thickness of the active layer ranges only from 30 cm to 60 cm [7] . In the CircumArctic Map of Permafrost and Ground Ice Condition published in 1997, J. Brown [8] listed the distribution of permafrost in different areas in the northern hemisphere and the ice content of permafrost in all locations by collecting different data resources, which has important instruction significance. tower foundation.
Analysis of The Characteristics of The Tower Foundation Frost Heave Force
The main factors that influence the destruction of tower foundations in permafrost areas are as follows: frost heave, thawing settlement, and rheological deformation. When the soil is frozen, the free water in it freezes into ice. An expansive force emerges from all directions because of the expansion of the soil volume. The tower foundation is a thermal pile in the frozen soil, which affects the foundation. The temperature of the soil rises, thereby melting the soil and decreasing its carrying capacity or causing a change in its mechanical properties [9] .
Frost heave force is generally divided into normal frost heave force and tangential frost heave force according to the interaction between frost heave force and the foundation. Normal frost heave force acts in the normal direction on the surface foundation, whereas tangential frost heave force acts parallel to the frost heave force on the side surface. The effects of normal and tangential frost heave force on soil are shown in Figure 2 .
If the embedded depth of the foundation is greater than the freezing line, then uplift force emerges because of the upward displacement of the transmission line, along with the expansion of soil. This phenomenon affects the normal carrying capacity of the foundation and leads to the freezing instability of the pile foundation. For tower foundations under uplift loads, if the tangential frost heave force is not reduced, the stability of the tower foundation is directly affected. Thus, the ultimate frost heave stability should be considered in the design process.
All embedded depths of the foundation should not be less than the standard freezing depth in the foundation design codes used in the US, Canada, and so on. The purpose of this restriction is to reduce the normal frost heave force. This study refers to the climate data on Alaska's arctic region, together with the geological data and monthly mean temperature data on Alaska's shady side throughout 2014. In addition, this study uses COMSOL Multiphysics to simulate the influence of the normal frost heave force acting at the bottom of the foundation under the load of both the uplift force and downforce on the stability of the tower foundation. This study refers to the climate data on Alaska's arctic region, together with the geological data and monthly mean temperature data on Alaska's shady side throughout 2014. In addition, this study uses COMSOL Multiphysics to simulate the influence of the normal frost heave force acting at the bottom of the foundation under the load of both the uplift force and down force on the stability of the tower foundation.
The COMSOL Multiphysics model uses the excavated foundation of 4 m as the initial model, simulates and analyzes the effect of normal frost heave force at the bottom of the foundation, and evaluates the stability of the foundation base at different embedded depths of the excavated foundation. The meshing of the foundation model is shown in Figure 4 .
Unfrozen water exists in the roadbed under freeze-thawing condition. The transition behavior of water follows Darcy's law. According to Richard's equation [10] , together with the action of pore ice blockade on the transition of unfrozen water, unfrozen water in unsaturated frozen soil conforms to (1):
After normalized reduction in the soil layer, this model sets all soil as the cohesive slit. The penetrating coefficient of soil, diffusive coefficient of water, and solid fraction are based on the characteristics of the slit. In modeling, fixed constraints are used on the base of the foundation, and roll support constraints are used on both its sides. The model and the foundation are connected by contact pairs.
The temperature follows the sine function, expressed as (2): 7 7 15 0.03 10 20 3.14 2 10 3.1 )
With the temperature function introduced into the model, the frost-thawing cycle continues until the soil temperature stabilizes. Solid mechanics are then introduced, and three field couplings are analyzed. The basis stresses are simulated, the embedded depths of which, coupled according to the model, are 2.5, 3, and 3.5 m. The initial uplift force, down force, and component force acting on the foundation are shown in Table 1 . The vertical and horizontal forces are applied to the foundation, as shown in Table 1 . The down force, uplift force, and bending moment of the foundation are simulated, including the dead weight of the foundation and the load of wind. The solid mechanics model is then set up, and the basis stresses at different points from different embedded depths are obtained, as shown in Figure 5 .
As shown in the simulation results, the distribution of frost heave force on the foundation base appears greater on both sides and smaller in the middle. Under the condition of steady load from upper structures, even when the embedded depth of the foundation increases, the foundation stress does not decrease because of the combined action of the dead weight and tangential frost heave force. By contrast, when the embedded depth of the foundation exceeds a certain depth, the foundation stress increases. As shown in Fig. 5 , the foundation stress initially exhibits a decreasing trend when the embedded depth increases. If the embedded depth exceeds 3 m, the frost heave force increases. Thus, in designing the tower foundation, the effect of tangential frost heave force must be considered. An appropriate embedded depth significantly reduces the stress of the foundation base, thereby preventing destruction and saving project costs.
CONCLUSIONS
According to analyses of permafrost problems in transmission line construction, permafrost problems exist throughout the entire process of design, construction, and operation of transmission lines. The attention given to these problems and the extent of the problems solved are in direct relation to permanent engineering stability. This paper presents a study on foundation design by simulating the stress on the foundation base at different embedded depths using COMSOL Multiphysics and by analyzing the simulated results. The results indicate that, at different embedded depths, the stress on the foundation base seems greater in the middle and less on both sides when the foundation base is under normal frost heave force. When the embedded depth is changed, the base stresses vary. By contrast, base stress is minimal, resulting from the tangential frost heave force on the surface of the foundation.
Commonly used types of foundations in the transmission line in permafrost regions are listed in this paper. Moreover, different types of foundations applicable for different frozen soil conditions are summarized. The fundamental principles of the selection of the type of tower foundation in permafrost regions are also listed. Except for making plans on the direction of lines in advance and escaping harmful geological areas, a careful surveying of frozen soil in the field is conducted initially. The purpose is to confirm the characteristics of permafrost. The appropriate tower foundation vis-à-vis the special properties of frozen soil must be selected and detailed. The application of proper design principles is necessary to determine the best foundation type.
